The particle size distribution plays an important role in environmental pollution detection and human health protection, such as fog, haze, and soot. In 
Introduction
Particle size often plays an important role in the production quality control of industry, environmental pollution detection, and human health protection, etc., so it is very important to on-line monitor the granularity to provide real-time measurements of both the size distribution and the concentration of the particle system in the industrial applications and other related fields [1, 2] . For instance, it is necessary to know the particle size distribution (PSD) of micrometric or submicrometric particles in measurement and control of fuel sprays, powder suspensions, atmospheric aerosols, and other particulate pollutions. Unfortunately, the PSD usually cannot be measured directly, and it can only be retrieved with the help of some experimental data and corresponding inverse theories. The light scattering particle sizing technique, which is a fast, function, were retrieved to investigate the performance of ARPSO in the dependent model first. Then, an optimal wavelength selection algorithm was recommended.
Theories and methods

The principle of the light extinction method
According to the Lambert-Beer law and the single scattering approximation, when a collimated light beam of intensity I 0 irradiates on a suspension particle system, the transmitted light is scattered and absorbed by the particles, which causes the attenuation of the light. If the optical thickness of the particle system is thin and the independent scattering dominates, the transmitted light intensity I with the incident wavelength l can be calculated [17] :
where
is the extinction efficiency of particles which is a complex function of the particle diameter D, l -the wavelength of incident light, and m -the complex refractive index. The I 0 (l) is the incident light intensity at wavelength l. The ratio value I(l)/I 0 (l) is obtained by actual measurements. The N D [m -3 ] is the total number of particles per unit volume. The D max and D min are the upper and lower integration limits, respectively. The f(D) is the volume frequency distribution of particle system with a diameter between D and D + dD, which needs to be determined. The L is the geometrical thickness of the particle system [18] . The extinction efficiency for a spherical particle can be deduced from the ADA and described as [19] :
where r = pD(m -1)/l, i = (-1) 1/2 .
The principle of the ARPSO
For the sake of brevity, the details of the basic PSO used in this study are available in [14] , and not repeated here. In the basic PSO, the fast information flow between particles seems to be the reason for clustering of particles. Diversity declines rapidly, leaving the PSO with great difficulties of escaping local optima. Consequently, the clustering leads to low diversity with fitness stagnation as an overall result. Compared with the basic PSO, the ARPSO can overcome the problem of premature convergence which is a major problem with evolutionary algorithms in multi-modal optimization and results in great performance loss and sub-optimal solutions [16] . In ARPSO, the attraction phase is defined as the basic PSO. The particles would then attract each other, since in general they attract each other in the basic PSO because of the information flow of good solution between particles. The second phase repulsion is also defined by inverting the velocity-update formula of the particles. The velocity-update formula can be described [16] :
where parameter w is the inertia weight and controls the magnitude of the old velocity position of all the particles, respectively, r X i t ( ) and r X i t ( ) +1 -are the old and new position of the i th particle, dir -is the sign-variable, either to 1 or -1 depending on the diversity, which decides directly whether the particles attract or repel each other. The diversity of the swarm (in the pseudo-code stored in the variable diversity) is set according to the diversity-measure [16] :
where S is the swarm, |S| -the swarm size, |L| -the length of the longest diagonal in the search space, Nthe dimensionality of the problem, x ij -the j th value of the i th particle, x j -the j th value of the average point x. Note that this diversity measurement is dependent of swarm size, the dimensionality of the problem as well as the search range in each dimension. When the driversity drops below the lower bound d low , the ARPSO switches to the repulsion phase and the dir in eq. (3) is set as -1. When the diversity of d high is reached, the ARPSO changes back to the attractive phase and the dir is set as 1 [16] . The flowchart of the ARPSO is shown in fig. 1 .
Results and discussions
In the dependent model, three kinds of widely used monomodal functions, e. g. the R-R function, the N-N function, and the L-N function, were studied. The mathematical representations of their monomodal volume frequency distributions are [1] :
and s L are the characteristic parameters, and D is the diameter of the particle. The complex refraction index used in this paper refers to [20] , and the real part n and the imaginary part k of it are in the range of nÎ [1.18, 1.92] and kÎ[0.01, 1.13], respectively. The complex refractive index in this article is set as 1.50 + 0.02i, which is assumed to be constant at different wavelengths for the sake of simplicity. The wavelengths of the incident light are set as l = 0.45, and 0.50 mm in two wavelengths model and l = 0.45, 0.50, 0.55, and 0.6 mm in four wavelengths model. The size measurement range of the particles is selected from 0.1 mm to 10 mm, which is the optimal measurement range in the spectral extinction particle size technique. The true values of the PSD which (9) where N l is the number of the wavelengths. When the value of F obj is less than the tolerance e or the maximum iterative number maxgens is reached, the calculations end. The system control parameters in these two algorithms are described in tab. 1. Taking into account the fact that the ARPSO and the basic PSO are stochastic optimization methods and all optimizations have certain randomness, both of them are repeated 50 times for each of these PSD. The effect of the random measurement errors is also considered in the calculation. Moreover, for the purpose of investigating the reliability and feasibility of this optimization algorithm, some characteristic parameters used to evaluate the quality of inversion results are studied as follows.
(1) The relative deviation of PSD d means the sum of the deviation between the probability distribution estimated from the inverse calculation and the true PSD in every subinterval. For spherical particles, the mathematic expression of d is [12] : (2) The average computational time for every iteration convergence t is expressed in second.
Tables 2-4 list the retrieval results of three commonly used monomodal PSD functions under dependent model using the ARPSO and PSO algorithms, and the corresponding inverse results are depicted in figs. 2-7. From tab. 2 and fig. 2 , it can be seen that for the R-R distribution when there is no random measurement error, the value of relative deviation d retrieved by the ARPSO is far less than that of the PSO. When adding the random measurement error to the spectral extinction date, the value of d will increase, but it is still easy to find that value of d retrieved by the ARPSO is less than that by the PSO. That is to say, the accuracy and robustness of the in- verse results retrieved by the ARPSO are higher than those by the PSO, even with random measurement error. Moreover, the convergence time required by the ARPSO is less than that by the PSO, especially without random measurement error. It is also obvious that increasing the value of the random error, the estimated results deteriorate and the convergence time increases. From tab. 2 and fig. 5 , it can be seen that when the R-R distribution is estimated under 5% random measurement error in two wavelengths model, the value of d is large and the deviations between 
Two wavelengths model 0% the estimated results and true values, which are depicted in fig. 5 , cannot be ignored. Nevertheless, the accuracy and robustness of the inverse results using four wavelengths are still satisfactory. In other words, the results estimated using four wavelengths are better than those using two wavelengths, although the four wavelengths need a little more convergence time.
The reason is that two wavelengths offer less transmitted light information which may lead to the multi-valued retrieval results more easily, compared with using four wavelengths. Therefore, although more incident wavelengths will require a little more convergence time, the four wavelengths are recommended to retrieve the PSD of three commonly used monomodal dis- Since the spectral extinction data contain some important information about the particle system, it is necessary to study the influence of the spectrum on the retrieval of the PSD. So, for any given PSD, there is an optimum choice of the incident laser wavelengths. Table 5 lists the retrieval results of N-N distribution by the ARPSO with different choice incident laser wavelengths, which are selected according to the arithmetic sequence. The inverse results with 2% and 5% random errors are depicted in fig. 8 and fig. 9 , respectively. From fig. 8 , it is easy to see that when the number of the incident wavelengths is fixed and the value of the interval between two incident laser wavelengths Dl is equal to 0.05 mm, there is a reasonable agreement between the estimated results and true values of N-N distribution. While Dl is larger than 0.05 mm, the accuracy of the inverse results will not be obviously improved with increasing Dl. From fig. 9 , the similar conclusions can be drawn if Dl is larger than 0.1 mm. In other words, the larger the value of the common difference is, the more accurate and robust the inverse results will be. The reasons may be that for certain suspension particle system, if the incident laser wavelengths are close to each other, the spectral extinction data will contain less effective information which may weaken the benefits of the multi-spectrum measurement and Subscripts est -estimated value ext -extinction efficiency high -high limit of the search space low -low limit of the search space max -the maximum value mea -the measurement value min -the minimum value true -the true value obj -objective function
